A neutron generator (HIRRAC) for use in radiobiology study has been constructed at the Research Institute for Radiation Biology and Medicine, Hiroshima University (RIRBM). Monoenergetic neutrons of which energy is less than 1.3 MeV are generated by the 7Li(p,n)7 Be reaction at proton energies up to 3 MeV. The protons are accelerated by a Schenkel-type-accelerator and are bombared onto the 'Li-target. An apparatus for the irradiation of biological material such as mice, cultured cells and so on, was designed and will be manufactured. Neutron and gamma-ray dose rates were measured by paired (TE-TE and C-C02) ionization chambers. Contamination of the gamma ray was less than about 6% when using 10-,um-thick 7Li as a target. Maximum dose rates for the tissue equivalent materials was 40 cGy/min at a distance of 10 cm from the target. Energy distributions of the obtained neutrons have been measured by a 3He-gas proportion al counter. The monoenergetic neutrons within an energy region from 0.1 to 1.3 MeV produced by thin 7Li or 7LiF targets had a small energy spread of about 50 keV (1 a width of gaussian). The energy spread of neutrons was about 10% or less at an incident proton energy of 2.3 MeV. We found that HIRRAC produces small energy spread neutrons and at sufficient dose rates for use in radiobiology studies.
INTRODUCTION
To study the radiobiological effects of neutrons, we have constructed a neutron irradiating system, the Hiroshima University Radiobiological Research Accelerator (HIRRAC), which is operated at high proton beam currents of 1 mA. The available neutron energy range is from 0.05 to 1.3 MeV by using 7Li and 7LiF targets. Dose rate, gammaray contaminations and energy distributions of the neutron field obtained by HIRRAC were measured for use in radiobiology studies.
Concerning the studies of radiobiological effects for different energy neutrons, we are interested in the neutron doses of atomic bomb (A-bomb) survivors in Hiroshima and Nagasaki, which is estimated by Dosimetric System 1986 (DS86) (RERF 1987) . Research groups at RIRBM and the Faculty of Engineering, Hiroshima University are studying inconsistencies between A-bomb-neutron induced activation and calculated yields based on DS86 (Hasai et al. 1987 , Hoshi et al. 1989 , Shizuma et al. 1989 ). They are questioning both the neutron dose and energy spectrum in Hiroshima estimated by DS86, since peaks of neutron energy spectra are about 0.5 MeV in Hiroshima and about 2 MeV in Nagasaki from DS86 calculated results (RERF 1987) . This difference may correspond to that of relative biological effectiveness (RBE). Radiation effects for survivors such as chromosomal aberration frequencies at a given dose in Hiroshima is larger than that of Nagasaki (Awa 1991) . Therefore, neutron-energy dependencies of RBEs may be important in the analyses concerning risk of radiation based on Hiroshima and Nagasaki.
On the other hand, Miller et al. suggested that RBEs for the neoplastic transformation in C3H1OT1/2 mouse cell had a maximum value at a neutron energy of about 0.35 MeV (Miller et al. 1989 ). However, their data have relatively large statistical fluctuations, so we are planning to irradiate biological materials to obtain RBEs.
A high dose rate of a monochromatic neutron field are useful to study the neutron-energy dependency of the biological effects, and also, for other radiobiology studies to consider the basic mechanisms of the effects of neutrons.
2.
MATERIALS AND METHODS 2.1. HIRRAC HIRRAC consists of a Schenkel type 3MV ion accelerator (HN-3000BL) manufactured by Nisshin High Voltage Co. Ltd., and target assemblies for neutron generation. Thin 7Li or 7LiF targets were prepared by evaporation onto 0.5-mm-thick copper disks. The copper disks were mounted on the end of a beam duct and were cooled with water to prevent heating by proton beam currents. Schematic diagrams of HIRRAC are shown in Figure 1 Table 1 .
The energy of the accelerated beam is analyzed by a bending magnet (BM-1), whose magnetic field is monitored by a nuclear magnetic resonance method (NMR). The analyzed beam is focused by a quadrupole magnet (QM-1) and extracted to the experimental room. The beam is distributed to four beam lines in the experimental room by using a switching magnet (SM). For neutron irradiation, there are two beam lines, a horizontal beam line (H-Line) and a vertical one (V-Line) using 7Li target. The V-line is suitable to irradiate cells in monolayer in medium. The others are for the use of 3H target (T-Line) and quantitative analysis with a proton-induced x-ray emission (PIXE) method. The V-Line is settled in a 2-m-deep cylindrical well as shown in Figure 1 2.2 Proton energy calibration A proton energy from the ion accelerator is calibated against four absolute energies; (1) the reaction threshold 1.881 MeV for the 7Li(p,n)7Be reaction, and (2)---(4) resonances at 0.874, 0.935 and 1.375 MeV, respectively, for the 19F(p,ay)16O reaction. The neutrons produced by the 7Li(p ,n)7Be reaction of which threshold energy is 1.881 MeV, were measured by a BF3 counter and the resonance gammarays, 0.874, 0.935 and 1.375 MeV, were measured by a NaI scintilla tion counter. each energy is corresponded to the magnetic field strength of BM-1 (B), which is measured by nuclear magnetic resonance (NMR).
Neutron spectrometer
Neutron energy was measured by a 3He gas proportional counter coupled with a pream plifier (FAST NEUTRON SPECTROMETER MODEL FNS-1, Jordan Valley Applied Radia tion Ltd.). Output signals were magnified by an amplifier module (ORTEC 575A) and were fed to a multi-channel-buffer module (ORTEC 918A). The pulse height is analyzed by a personal computer (NEC PC9801FA/A7). The proportional counter is a gas chamber filled with 3He gas at high pressure (10 atm, the size of the active volume is 5 cm in diameter and 15 cm in length), which are thick enough to stop the low-energy charged particles in the counter. The proton ranges of these energies are about 5 mm or less and the triton ranges are shorter than those of protons. Therefore, output pulse height is proportional to energy deposit of protons and tritons which are produced by the 3He(n,p)t reaction. The best energy resolution (31 keV) was obtained from this system when test pulses from a pulse generator (NAIG E-512) were applied for input signals.
The relative detector-efficiency of the counter is estimated by fission neutrons from the 252Cf source at RIRBM (Hoshi et al. 1988 ). As for the energy distribution of the 252Cf neutron, we assumed the Maxwell Boltzman distribution, where E0 is assumed to be 1.42 MeV (Barnard 1965). The relative detector-efficiency by different neutron energies of the detector is obtained as ratios of the measured spctrum to that from equation 1. Figure 2 shows the relative detector-efficiency and a calculated relative efficiency according to a Monte Carlo simulation. Details of the simulation are described in the Appendix. It is shown that the measured detector-efficiency is well reproduced by the calculated efficiency, as shown in Figure 2(a) . Moreover, the neutron energy spectra generated by HIRRAC were checked by the Monte Carlo calculation, as shown in Figure 2(b) . Therefore, we estimated neutron energy distributions by using the calculated efficiency. 
Ionization chamber
Neutron and gamma-ray kerma rates from HIRRAC are obtained with the paired ionization chambers. The chambers are IC-17 (TE-TE chamber) and IC-17G (C-C02 chamber). Calibra tion procedures and the other procedures of the measurements have already been described elsewhere (Hoshi et al. 1988 ). The neutron sensitivities of these chambers are assumed to be kT =0.98 and ku=0.08 (Kawashima et al. 1978 , ICRU Report 27 1978) , respectively. These factors were used to determine the 252Cf-neutron kerma. The neutron kerma difference between the assumptions of ku=0.08 and of ku=0 are 5% or less (ICRU 1987 , Waterman et al. 1979 ).
RESULTS AND DISCUSSION
The threshold energy of 1.881 MeV is determined by a 13173-counter, as shown in Figure  3 Figure 4 as a function of the square of the magnetic field strength (B) of BM-1, which is obtained by NMR. The absolute energy Tp is expressed as a function of B2 and a fitting procedure was performed. The result is expressed as Tp=0.0059+11.474 B2 MeV. Moreover, the linearity of the acceleration energy was also calibrated by magnetic field strength of BM-1. The accuracy of the absolute proton energy is within 0.3%. Table 2 . Energy spreads and dose rates 10 cm distance from the target are summarized as a function of the neutron energy. Energy spread means the standard deviation (a) obtained from gaussian fitting after the subtraction of background assuming a linear function.
The result of the measurement are listed in Table 2 Table 2 . The gamma-ray contaminations for the 7LiF target are high (Table 3) . These gamma rays mainly are induced by the 19F(p,a),)16O reaction, of which gamma-ray energies are 6.14, 6.92 and 7.12 MeV. The 7LiF target is easier to handle compared with the 7Li target becuase lithium fluoride is a stable inorganic compound. Lithium fluoride is used when gamma-ray contamination is not effective in radiobiology studies. In most radiobiology studies, experiments are carried out under a condition of low gamma-ray contamination, about 5% or less with a 7Li target. The neutron energy spectrum at proton energies of 2.0, 2.2, 2.4 and 2.8 MeV (correspond ing to the neutron energies of 0.11, 0.37, 0.57 and 0.99 MeV, respectively) is measured by the gas proportional counter shown in Figure 5 . In this case, a thin 7Li target (10,um) was used. The energy spectra are clearly seen at the proton energy from 2.2 to 2.8 MeV. At the proton energy 2.0 MeV, the fast neutron peak, which should be observed at 0.11 MeV, is hidden in the thermal neutron peak. The relationships between neutron energies and energy spreads are also summa rized in Table 2 . In the energy region from 0.37 to 0.99 MeV, almost no energy dependence was seen and its spread was about 50 keV. Each spectrum is corrected by the detector-efficiency , and the neutron energy fluences for proton energies of 2.0, 2.2, 2.4 and 2.8 MeV (corresponding to the neutron energy of 0.11, 0.37, 0.57 and 0.99 MeV, respectively) are shown in Figure 6 . Good quality monochromatic neutrons were produced from HIRRAC, as seen in Figure 6 . When the HIRRAC is used, studies concerning the energy dependence of RBEs can be performed within 10% resolution by using the 10-,um-thick 7Li targets.
The thermal neutron contributions in absorbed doses were estimated from the spectrum of the 3He-gas proportional counter, the cross section of the 3He(n,p)t reaction and the kerma . Absorbed dose ratios of thermal neutrons to fast neutrons at a distance of 10 cm is estimated to be less than 2% for a neutron-energy region from 0.1 to 1.3 MeV. A precise study for the thermal contribution is in progress.
